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The ﬁrst-order phase transitions in the latticemodel of Janus-like particles conﬁned in slit-like pores are studied.
We assume a cubic lattice with molecules that can freely change their orientation on a lattice site. Moreover,
the molecules can interact with the pore walls with orientation-dependent forces. The performed calculations
are limited to the cases of bilayers. Our emphasis is on the competition between the ﬂuid-wall and ﬂuid-ﬂuid
interactions. The oriented structures formed in the systems in which the ﬂuid-wall interactions acting contrary to
the ﬂuid-ﬂuid interactions differ from those appearing in the systems with neutral walls or with walls attracting
the repulsive parts of ﬂuid molecules.
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1. Introduction
A growing interest has been recently observed regarding the self-assembly of Janus and patchy col-
loids into differently ordered structures. This is also due to the progress in the development of new exper-
imental methods for obtaining particles that are capable of building blocks of the requested symmetry
and structure [1–7]. One way to prepare spherically symmetric particles with anisotropic interactions
relies on the creation of attractive patches on their surfaces [4, 8]. Advanced experimental methods al-
low for the production of patchy colloids with different sizes, shapes and chemical compositions [9–14].
In parallel with experiments, remarkable theoretical and computer simulation efforts have been under-
taken to predict the physical properties of these systems [15].
An important direction of the research is connected with investigations of phase transitions in such
systems. The directional dependence of interactions leads to a very rich phase behavior and to the de-
velopment of various mesoscale structures [16–27]. A review of unusual structures predicted for sev-
eral types of colloids can be found in [2]. In particular, in the case of patchy spheres interacting via the
Kern-Frenkel potential [28], diverse aggregates, such as micelles, vesicles, and bilayers, have been found
[21–23]. Also, the coexistence of a dilute phase of micelles and denser phase of larger clusters has been
observed. More recently [23] simulations of the formation of different crystalline structures have been
carried out. Another interesting kind of behavior has been obtained within the framework of Wertheim
theory [29] for the patchy colloids with multiple sites, which, in some cases, makes multiple bonding
possible between sites [30–35].
Lattice models have also been used to study the self-assembly. For example, Dawson and Kurtović [36]
introduced a lattice model of amphiphilic self-assembly in mixtures containing amphiphiles and water.
Davis and Panagiotopoulos [37] examinedmixtures of ﬂexible chains comprising neutral and solvophobic
monomers and big amphiphiles with multiple chains connected to them at common attachment points.
They found that amphiphile geometry plays a key role in determining whether the micelles are spheres
or ﬂat bilayers. The behavior of Janus particles near solid surfaces was also investigated using density
functional theory and computer simulations [38, 39].
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Recently, two of us reported the results of Monte Carlo simulations of the phase behavior of Janus
disks on a square lattice [40]. The particles were composed of two different parts and interactions be-
tween neighboring particles depended on their orientations. It was found that the systems exhibited the
ﬁrst-order transitions between colloidal-rich and colloidal-poor phases and continuous order-disorder
transitions to differently ordered structures.
Calculations performed in [40] assumed a restricted number of possible orientations of the particles.
In this work we report Monte Carlo studies of bilayers of Janus-like molecules on a cubic lattice conﬁned
in slits, but in contrast to the previous work [40], the molecules can freely change their orientations on
the sites. Moreover, the slit walls can also interact with particles with orientation-dependent potential.
Our principal aim is to study the ﬁrst-order transitions in the system and the dependence of the phase
behavior on the competition between interparticle and the particle-wall interactions. The principal order-
parameter is density. However, we neither carried out systematic studies of the ﬁnite size effects [41, 42]
nor the studies of continuous transitions in the system.
2. Simulation
We consider a cubic lattice of the size Nx ×Nx ×Nz , Nz = 2 in X , Y and Z directions, respectively.
The lattice constant is assumed to be unit of length. Periodic boundary conditions are used in the X and
Y directions. In the Z direction, however, the system is closed by planar walls, located at iz = 0 (the
bottom wall) and at iz = 3 (the top wall). We consider spherical particles consisting of two hemispheres,
one being solvophobic (A) and the other one being solvophilic (R). The solvent is involved implicitly.
We introduce the occupation number for each lattice site, ni , i = (ix , i y , iz ) that equals 0 for an empty
site and 1 for an occupied site. The state of a molecule occupying the site i is characterized by a unit
vector (sinθi cosφi, sinθi sinφi, cosθi), where θi is the tilting angle measured with respect to the vector
perpendicular to the bottom wall and φi is the azimuthal angle, measured with respect to the positive X
axis.
Due to the existing walls, the energy experienced by a molecule located on the site i is given by
Yukawa-like potential
vi = εs
[
f (iz )− f (Nz +1− iz )
]
cosθi, (1)
where f (iz )= exp(−iz )/iz .
To evaluate the interparticle potential energy, we take into account only the nearest-neighbor inter-
actions. If two nearest-neighbor sites, i and j, are occupied, the pair potential energy is
uij = ε(cosαi −cosαj), (2)
where αi and αj are the angles measured with respect to the unit vector pointing from the site j to the
site i. A similar potential of anisotropic interactions was used for amphiphilic molecules in [38]. We as-
sume that ε> 0. In the absence of an external ﬁeld, the particles prefer to couple in pairs whose A-patches
face each other. On the contrary, the RR-contacts are energetically penalized.
Our approach can be treated as an extension of [40], where only four possible orientations of particles
were considered. In this work, the orientation vector of any molecule can change continuously, 0< θ <pi
and 0<φ< 2pi. The Hamiltonian can be written as follows:
H =
∑
i
(vi−µ)ni +
∑
nn
uijninj, (3)
where µ is the chemical potential. In the above, the ﬁrst summation is over all lattice sites. The subscript
nn means summation over all pairs of the nearest neighbors.
The density is given by
〈ρ〉 =
1
V
∑
i
ni, (4)
where V = N 2 Nz . The potential energy per one lattice site, 〈U 〉, and the contributions due to external
ﬁeld, 〈Us〉, and due to particle-particle interactions, 〈Up〉 can be expressed as follows:
〈U 〉 = 〈Us〉+〈Up〉 =
1
V
(∑
i
nivi+
∑
nn
uijninj
)
. (5)
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We have carried out Monte Carlo (MC) simulations in the grand canonical ensemble using the hy-
perparallel tempering technique [43–46]. The size Nx of the system was equal to 48. Besides the systems
exchange between replicas at different µ and T , a Monte Carlo step consisted in an attempt to insert a ran-
domly oriented particle into the system at a randomly chosen position, an attempt to remove the existing
particle and an attempt to change the orientation of a selected particle. A number of MC steps necessary
for obtaining solid results depended considerably on the assumed values of the energy parameters. In the
majority of simulations, we used 109 MC steps (per site) for equilibration and 1010 for production runs.
However, for certain sets of energy parameters, the simulations had to be longer.
We have calculated the average density and average potential energy and corresponding ﬂuctuations,
the compressibility
κ=
V
kBT
(
〈ρ2〉−〈ρ〉2
)
, (6)
and, the heat capacity,
CV =
V
kBT 2
(
〈H 2〉−〈H〉2
)
. (7)
Besides thermodynamic quantities listed above, we have evaluated the histograms of ρ and the his-
tograms of cosθiz in each layer. The ﬁrst-order phase transitions were investigated by analysing the den-
sity histograms, and the coexistence of different phases was located using the equal peak-weight criterion
for the density histograms [44]. Moreover, we have calculated the angular-averaged local densities 〈ρiz 〉,
the average values of the cosine of the tilting angle in each layer, 〈cosθiz 〉, and the angular-dependent
local densities ρiz (θ,φ).
The energy parameter ε was taken as unit of energy and the reduced temperature is T ∗ = kBT /ε.
Similarly, the reduced chemical potential is µ∗ = µ/ε.
3. Results and discussion
The aim of this study is to investigate the phase transitions in the systems. The order-parameter was
the average density. We changed interactions of the walls with the R-sides of Janus molecules from attrac-
tive, through neutral, to repulsive, i.e., t = εs/ε = 5,1,0 and −1 and, in order to distinguish the systems
under study, we abbreviated them by the label Et , where t = 5, 1, 0 or −1.
We start the discussion with the case of Janus particles in relatively strong external ﬁeld (the system
E5). The results are presented in ﬁgures 1, 2 and 4–6. At low values of µ, the molecules expose their
attractive parts towards the pore walls and, consequently, the molecules in bottom, iz = 1, layer expose
their repulsive parts towards molecules in the second (iz = 2) layer. The external ﬁeld acts against an
“intrinsic” tendency to form an oriented bilayer due to attractive AA-interactions. In ﬁgure 1, we show
examples of the average density, 〈ρ〉 [part (a)], the values of κ [part (b)] and the average values of 〈cosθ1〉
for the molecules from the bottom layer (the values of 〈cosθ2〉 for molecules within the top layer equal
to 〈cosθ2〉 =−〈cosθ1〉). The calculations were carried out at T
∗ = 0.06.
Three jumps on the isotherm in ﬁgure 1 (a) are seen. They are marked as I, II and III, respectively. The
values of compressibility, κ are discontinuous at these jumps, cf. ﬁgure 1 (b). At low values of the chemical
potential, µ∗, the molecules are oriented almost perpendicularly to the surface (θ1 ≈ pi for the ﬁrst and
θ2 ≈ 0 for the second layer molecules). Of course, this orientation results from the strong external ﬁeld.
For µ∗ < −1.6, the formation of clusters composed of four molecules at each surface is observed (see
the snapshot in ﬁgure 2). The sites over the cluster formed within the bottom layer, as well as the sites
below the clusters within the upper layer are empty. In-plane orientation within each cluster is such that
〈|sin(φ)|〉 ≈ 0.7, i.e., the values of the azimuthal angle in each layer for the cluster are, respectively, close
to pi/4, 3pi/4, 5pi/4 and 7pi, starting from the “low-left” corner of the cluster.
With an increase of the chemical potential, the clusters start to ﬂow together and to form ordered
structures. These structures can be considered as patterns built of the occupied and empty lattice sites.
In such patterns, orientations of particles can change. There is translational order without a more pro-
nounced orientational order. We have found three translationally ordered phases for ρ = 1/2, ρ = 2/3
and ρ = 5/6. They are schematically depicted in ﬁgure 3. When a half of the lattice sites is occupied, the
zigzag structures on each wall are observed. There are sloping steplike strips of occupied sites on the
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Figure 1. Isotherm [part (a)], compressibility [part (b)] and the average tilting angle of the ﬁrst-layer
molecules [part (c)] for the system E5. The labels I, II and III denote the phase transitions. The numbers 0,
1, 2 and 3 and red dotted lines indicate the states at which the snapshots in ﬁgures 1 and 2were evaluated.
The temperature is T∗ = 0.06.
surfaces. Similarly to the case of “squares”, the zigzags at one layer are in contact with empty sites at
the second layer [see ﬁgure 3 (a)]. For ρ = 2/3, strips of pillars are formed. The pillar is built of particles
located “one atop the other”. The remaining lattice sites have empty sites above (or below) the particles.
Such a structure is shown in ﬁgure 4 (b). In the case of ρ = 5/6, the zigzag pattern of pillars is formed.
In other words, there are double strips of pillars and single strips of sites with empty sites in one of the
layers [cf. ﬁgure 4 (c)].
We return now to the discussion of phase transitions in the system E5. At the ﬁrst plateau of the
isotherm [ﬁgure 1 (a)], the average density is close to 〈ρ〉 ≈ 0.5. An example of conﬁguration at the plateau
of the isotherm (µ∗ = −1.5) is shown in ﬁgure 4 (a). Indeed, one sees here a well pronounced zigzag
structure. Within this region, the average tilting angles of the top (bottom) layers become close to θ1 ≈
5pi/6 (θ2 ≈ pi/6), cf. ﬁgure 1 (c). At T
∗ = 0.06, the development of the zigzag structure is a continuous
transition.
Figure 2. (Color online) Snapshot for the state 0 from ﬁgure 1 (a) for the system E5. Circles and squares
denote the ﬁrst and the second layer molecules, respectively. For clarity, only 1/16 part of the simulation
cell is shown.
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Figure 3. (Color online) Schematic representation of possible translationally ordered structures in the sys-
tem E5: zigzags at ρ = 1/2 (a), single strips of pillars (SP) at ρ = 2/3 (b) and double strips of pillars (DP) at
ρ = 5/6 (c). Circles and squares denote the ﬁrst and the second layer molecules, respectively. In left-hand
parts, structures formed on the walls are shown. Right-hand parts illustrate structures perpendicular to
the surfaces.
A further increase of the chemical potential leads to the rearrangement of the molecules and to the
formation of well-developed “pillars” between the walls. The conﬁguration displayed in ﬁgure 4 (a) is
stable and a signiﬁcant increase of the chemical potential is needed in order to enforce more molecules
to enter the pore. The ﬁrst isotherm jump is connected with the ﬁlling up of the empty zigzag structure.
This ﬁlling leads to the location of the particles “one atop the other” and both such particles expose their
repulsive parts one towards the other. In order to reduce the repulsive potential energy, the titling angles
for themolecules located within the ﬁrst, θ1 , and the second layer, θ2 , deviate more from the orientations
perpendicular to the walls. The ﬁrst step on the isotherm (I) corresponds to the transition from the zigzag
structure to the structure containing single strips of pillars (SP).
A typical snapshot of the conﬁguration before the second transition [marked as II in ﬁgure 1 (a)] is
shown in ﬁgure 4 (b). After this transition, the second plateau on the adsorption isotherm develops. The
isotherm plateau (the average density is ≈ 0.67) is shorter than the ﬁrst one. A representative snapshot
of the conﬁguration of molecules is displayed in ﬁgure 4 (c). The second transition is also connected with
an increase of the value of cosθ1 to its maximum value. At T
∗ = 0.06, the maximum of cosθ1 is close to
−0.83. The step II is associated with the transition from the SP-phase to the phase in which double strips
of pillars begin to appear. At the end of the second plateau, the third step on the adsorption isotherm
appears. We think that the last step (III) is a transition from the ordered DP-phase to a phase with the
ﬁlled empty sites that remained. This step is connected with a decrease of cosθ1 .
a b c
Figure 4. (Color online) Snapshots for the states 1, 2 and 3 from ﬁgure 1 (a) for the system E5. Circles and
squares denote the ﬁrst and the second layer molecules, respectively. For clarity, only 1/16 part of the
simulation cell is shown.
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Figure 5. (Color online) Unweighted histograms of the density for the transition I in the system E5 at
T∗ = 0.06. The values of the chemical potential are given in the ﬁgure.
A further increase of the chemical potential leads to a gradual increase of the density inside the slit.
At high values of the chemical potential, the pore is completely ﬁlled. At the third ﬁnal plateau, cosθ1 ≈
−0.94. Instantaneously, the azimuthal orientation of molecules within the ﬁlled ﬁrst and second layers
is similar to that observed at very low values of the chemical potential, when disconnected “islands”
composed of four molecules have been formed, i.e., 〈|sin(φ)|〉 ≈ 0.7.
In ﬁgure 5, we show examples of unweighted histograms for the transition I [ﬁgure 1 (a)]. The dis-
tributions exhibit two well pronounced peaks corresponding to coexisting phases of different densities.
The phase diagrams for the system E5 are shown in ﬁgure 6. Part (a) gives the diagram in the density-
temperature plane, while part (b) — in the chemical potential-temperature plane. The phase diagrams
cover a rather narrow range of temperatures. The evaluation of the diagrams at very low temperatures
0.55 0.6 0.65 0.7
<ρ>
0.06
0.07
0.08
T*
-0.6 -0.5 -0.4 -0.3
µ∗
0.06
0.07
0.08
T*
a b
Figure 6. Phase diagrams in the density-temperature [part (a)] and in the chemical potential-temperature
plane for the system E5. The consecutive curves from left to right are for the transitions I, II and III in
ﬁgure 1 (a).
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Figure 7. Isotherm [part (a)] and the average tilting angle of the ﬁrst-layer molecules [part (b)] for the
system E1. The labels I, II and III denote the ﬁrst-order transitions. The temperature is T∗ = 0.06. Parts (c)
and (d). Phase diagrams in the density-temperature [part (c)] and in the chemical potential-temperature
plane [part (d)] for the system E1. The consecutive curves from left to right are for the transitions I, II and
III in part (a).
was diﬃcult and would require extremely long runs to obtain reliable histograms. We also did not at-
tempt a precise evaluation of the critical temperatures. However, one sees that the critical temperatures
of the phase transition increase in the order TI < TII < TIII [the indices I, II and III abbreviate the consec-
utive transitions from ﬁgure 1 (a)]. The changes of the density during phase transition are small and this
is a rather striking behavior. It is also worth stressing that the changes of the chemical potential with the
temperature are non-monotonous.
We now consider the system E1. Similarly to the previous case, the external ﬁeld acts against the
“intrinsic” tendency to form an oriented bilayer with facing R-sides of the neighboring Janus particles,
but now this effect is weaker. In ﬁgure 7, we show the adsorption isotherm, the plot of 〈cosθ1〉 (T
∗ = 0.06)
and the phase diagrams for the system E1.
One sees three jumps on the adsorption isotherm and at very low chemical potentials, the structure
of the conﬁned ﬂuid is similar to the system E5. The molecules within each layer form squares. However,
since the external ﬁeld is weaker, the number of contacts between the “square clusters” in bottom and
in top layers is larger than for the system E5, cf. the snapshot in ﬁgure 8 (a). Due to the competition
a b c
Figure 8. (Color online) Snapshots for the chemical potential µ∗ = −0.66 [part (a)], −0.49 [part (b)] and
−0.13 [part (c)]. The calculations are for the system E1 and at T∗ = 0.06. Circles and squares denote
the ﬁrst and the second layer molecules, respectively. For clarity, only 1/16 part of the simulation cell is
shown.
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between ﬂuid-ﬂuid and ﬂuid-wall interactions at low chemical potential, the tilting angle in the system E1
signiﬁcantly differs from the tilting angle in the system E5. Now 〈cosθ1〉 ≈ −0.74, i.e., θ1 is close to 3pi/4.
The in-plane orientation, however, is similar to the system E5, but the average value 〈|sinφ|〉 is lower,
〈|sinφ|〉 ≈ 0.64. This is the consequence of the existence of contacts between bottom and top layers.
With an increasing chemical potential, a small plateau on the adsorption isotherm is reached at µ∗ ≈
−0.54 [ﬁgure 7 (a)]. Before the transition, a the zigzag structure is observed. However, as we have already
stressed, the tilting angle is different, 〈cosθ1〉 ≈ 0.64 [cf. ﬁgure 7 (b)]. The transition I almost does not
inﬂuence the tilting angle. After the transition, the average density of the conﬁned ﬂuid is close to 0.6.
The translational ordering of the ﬂuid is developed from the zigzag structure in such away that the stripes
at each wall are “compressed” and they alternately contact the ﬁlled and empty stripes at the other wall,
cf. ﬁgure 8 (b).
The second transition [marked as II in ﬁgure 7 (a)] leads to the structure of the density 〈ρ〉 ≈ 0.67 that
is shown in ﬁgure 8 (c). This transition is connected with a large change of the tilting angle [ﬁgure 7 (b)]. At
the isotherm plateau that appears for the chemical potential 0.32<µ< 0.45, the tilting angle is 〈cosθ1〉 ≈
0.18. This means that the molecules are re-oriented from the conﬁguration with molecules facing their
attractive parts towards the walls (before the transition) to the conﬁguration with the attractive parts of
the molecules partially directed towards the pore interior (after the transition). A small density jump at
the transition III is not connected with any signiﬁcant change of the tilting angle. For a completely ﬁlled
pore, the tilting angle θ1 is close to pi/4.
Figures 7 (c) and 7 (d) show the phase diagram in the density-temperature and the chemical potential-
temperature planes. However, contrary to the system E5, for the system E1 the critical temperature TII
is the highest and the critical temperature TI is the lowest. Moreover, the critical temperatures for the
system E1 are in general higher than for the system E5, which is the consequence of the total potential
energy being considerably lower in the case of the system E5.
We next discuss the system E0, where the pore walls are just hard walls and orientation effects result
entirely from the ﬂuid-ﬂuid interactions. Figure 9 shows the isotherm [part (a)], tilting angles [part (b)]
and the phase diagrams [parts (c) and (d)]. Additionally, in part (b) we have also displayed the values
of 〈|sinφ|〉. As in the previous cases, three ﬁrst-order phase transitions appear within the investigated
range of temperatures. However, we observe the formation of considerably different ordered structures
in the system. Before the ﬁrst transition, the conﬁned molecules form “pillars” built of 8 molecules, four
at each wall, cf. ﬁgure 10 (a). We also observe the appearance of “incomplete pillars”, but the analysis
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Figure 9. (Color online) Isotherm [part (a)], the average tilting angle and the values of 〈|sinφ|〉 of the ﬁrst-
layer molecules [part (b)] for the system E0. The labels I, II and III denote the ﬁrst-order transitions. The
temperature is T∗ = 0.075. Parts (c) and (d). Phase diagrams in the density-temperature [part (c)] and in
the chemical potential-temperature plane [part (d)] for the system E0. The consecutive curves from left
to right are for the transitions I, II and III shown in part (a).
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a b c
Figure 10. (Color online) Snapshots for the chemical potential µ∗ = −0.8 [part (a)], −0.66 [part (b)] and
−0.2 [part (c)]. The calculations are for the system E0 and at T∗ = 0.075. Circles and squares denote
the ﬁrst and the second layer molecules, respectively. For clarity, only 1/16 part of the simulation cell is
shown.
of the distribution of the cluster sizes indicated that for the densities 0.05 < 〈ρ〉 < 0.2, up to 80-85% of
the clusters are built of 8 molecules. It should be stressed that now the particles are differently oriented
with respect to the walls. At very low densities, the tilting angle θ1 is close to 85
◦, i.e., the orientation
of the molecules is almost perpendicular to the vector normal to the surface. With an increase of 〈ρ〉 to
≈ 0.2, the tilting angle slightly decreases to 82◦. Instantaneously, the azimuthal angle is characterized by
〈|sinφ|〉 ≈ 0.69, i.e., the principal azimuthal angle is close to pi/4.
With an increase of 〈ρ〉 (µ), the zigzag structures are formed on both walls. In contrast to the systems
E5 and E1, the zigzags are connected. The layers at the top wall are built over the layers at the bottom
wall. After the transition, the tilting angle is close to θ1 ≈ 0.75
◦. The ﬁrst transition also leads to a small
jump of 〈|sinφ|〉.
The second transition (II) is connected with the development of the structure shown in ﬁgure 10 (c).
After this transition, the density is close to 〈ρ〉 ≈ 0.67, the tilting angle is close to θ1 ≈ 70
◦ and 〈|sinφ|〉 ≈
0.67. Also, during the third transition, the changes of 〈cosθ1〉 and of 〈|sinφ|〉 are very small. After the
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Figure 11. Parts (a) and (b) show the adsorption isotherm and the values of 〈cosθ1〉, respectively at
T∗ = 0.075, while parts (c) and (d) — the phase diagrams in the density-temperature [part (c)] and in
the chemical potential-temperature [part (d)] plane for the system E−1. In parts (c) and (d) the consecu-
tive curves from left to right are for the transitions II and III in part (a).
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transition III, further ﬁlling the pore is continuous and,ﬁnally, for a completely ﬁlled pore, 〈cosθ1〉 ≈ 0.84,
i.e., θ1 ≈ 32
◦. For the entire range of densities, the changes of the azimuthal angle are small: 0.61 <
〈|sinφ|〉 < 0.7.
In ﬁgures 9 (c) and 9 (d) we show the phase diagrams for the system E0. The ﬁrst transition appears
only at low temperatures and its critical temperature is lower than for the system E1. The critical tem-
peratures of the second and third transitions, however, are slightly higher than for the system E1.
Figure 11 summarizes the results obtained for the system E-1 at temperature T ∗ = 0.075. In contrast to
the previous cases, only two ﬁrst-order transitions occur within the investigated range of temperatures.
The “survived” transitions correspond to the transitions II and III observed in the systems investigated
previously. Indeed, the the ﬁrst jump on the isotherm is connected with the formation of the stripes.
After the transition, 〈ρ〉 ≈ 0.67 and the translational structure of the system is the same as displayed in
ﬁgure 10 (c). This transition (we still abbreviate it as II) is not connected with any pronounced change
of the tilting angle and 〈cosθ1〉 ≈ 0.67, both before and after the transition. However, a big change of
the tilting angle occurs during the second transition [ﬁgure 11 (c)]. For a completely ﬁlled pore, at low
temperatures, 〈cosθ1〉 ≈ 0.92, i.e., the particles located at the bottom and top walls expose their attractive
parts one towards the other.
4. Summary
We have carried out Monte Carlo simulations of Janus-like particles on a cubic lattice, conﬁned in
very narrow slits. The particles consisted of two hemispheres that mutually interacted via short-range
directional potential. Directional interactions were also assumed between particles and pore walls. We
formulated a simple model describing these interactions.
A great majority of the calculations have been performed for bilayers. In this case, we have studied
the effects of the competition between ﬂuid-ﬂuid and ﬂuid-pore walls interactions. The principal aim of
our calculations was to investigate the phase transitions in the system. The transitions were located by
analyzing the histograms of the density. The behavior of the histograms and of other thermodynamic
quantities (the heat capacities and compressibilities) suggests the ﬁrst-order character of the transitions.
However, our calculations were carried out for one (though rather large) size of the system in X and Y
directions, and we did not perform the analysis of the dependence of the calculated characteristics on
the systems size. To be precise, one should stress that only the analysis of the ﬁnite size effects [41, 42]
could conclusively prove the ﬁrst-order character of the observed transitions. Nevertheless, we believe
that our simulations correctly reveal the number and the range of temperatures, densities and chemical
potential of the ﬁrst-order transitions in the systems under study.
The oriented structures found for the systems in which the ﬂuid-wall interactions are strong and act
contrary to the ﬂuid-ﬂuid interactions differ from those appearing in the systems with neutral walls or
with the walls attracting the repulsive parts of ﬂuid molecules. In the former case, at low values of the
chemical potential, the structures (squares or zigzags) formed at one wall connect the empty sites at the
other wall. The extortion of overlaps of the structure at both walls requires a signiﬁcant increase of the
chemical potential. This is particularly visible for the system E5. In the latter case of ﬂuid-wall inter-
actions, the tendency to form overlapping structures is enforced by reinforcement of the orientational
effects resulting from ﬂuid-ﬂuid interactions by ﬂuid-wall forces. In all the studied bilayers, the single
and double strips of pillars were formed at higher values of the chemical potential.
One can expect that depending on the relations between parameters characterizing Janus-like mole-
cules conﬁned in wider pores, various complicated ordered structures can appear. This opens up new
directions in the modelling of modern materials. We hope that the presented results provide a guidance
for a further study of concrete systems within the framework of more realistic models.
33602-10
Bilayers of Janus-like particles
References
1. Lee K.J., Yoon J., Lahann J., Curr. Opin. Colloid Interface Sci., 2011, 16, 195; doi:10.1016/j.cocis.2010.11.004.
2. Solomon M.J., Curr. Opin. Colloid Interface Sci., 2011, 16, 158; doi:10.1016/j.cocis.2011.01.006.
3. Van Blaaderen A., Nature, 2006, 439, 545; doi:10.1038/439545a.
4. Glotzer S.C., Solomon M.J., Nat. Mater., 2007, 6, 557; doi:10.1038/nmat1949.
5. Pawar A.B., Kretzschmar I., Langmuir, 2008, 24, 355; doi:10.1021/la703005z.
6. Dendukuri D., Doyle P.S., Adv. Mater., 2009, 21, 4071; doi:10.1002/adma.200803386.
7. Van Anders G., Ahmed N.K., Smith P., Engel M., Glotzer S.C., ACS Nano, 2014, 8, 931; doi:10.1021/nn4057353.
8. Manoharan V.N., Elsesser M.T., Pine D.J., Science, 2003, 301, 483; doi:10.1126/science.1086189.
9. Pawar A.B., Kretzschmar I., Macromol. Rapid Commun., 2010, 31, 150; doi:10.1002/marc.200900614.
10. Chen Q., Bae S.C., Granick S., Nature, 2011, 469, 381; doi:10.1038/nature09713.
11. Sacanna S., Pine D.J., Curr. Opin. Colloid Interface Sci., 2011, 16, 96; doi:10.1016/j.cocis.2011.01.003.
12. Meng Q., Kou Y., Ma X., Liang Y., Guo L., Ni C., Liu K., Langmuir, 2012, 28, 5017; doi:10.1021/la3003355.
13. Jing Y., Moses B., Sung Chul B., Erik L., Steve G., Nature, 2012, 491, 578; doi:10.1038/nature11619.
14. Walther A., Muller A.H.E., Chem. Rev., 2013, 113, 5194; doi:10.1021/cr300089t.
15. Bianchi R., Blaak R., Likos C., Phys. Chem. Chem. Phys., 2011, 13, 6397; doi:10.1039/c0cp02296a.
16. Zhang Z., Glotzer S.C., Nano Lett., 2004, 4, 1407; doi:10.1021/nl0493500.
17. Munao G., O’Toole P., Hudson T.S., Costa D., Caccamo C., Giacometti A., Sciortino F., Soft Matter, 2014, 10, 5269;
doi:10.1039/c4sm00544a.
18. Kraft D.J., Ni R., Smallenburg F., Hermes M., Yoon K., Weiz D.A., van Blaaderen A., Groenewold J., Dijkstra M.,
Kegel K., Proc. Natl. Acad. Sci. U.S.A., 2012, 109, 10787; doi:10.1073/pnas.1116820109.
19. Maestre M.A.G., Fantoni R., Giacometti A., Sciortino F., Dawson K., J. Chem. Phys., 2013, 138, 094904;
doi:10.1063/1.4793626.
20. Fantoni R., Giacometti A., Maestre M.A.G., Santos A., J. Chem. Phys., 2013, 139, 174902; doi:10.1063/1.4827861.
21. Sciortino F., Giacometti A., Pastore G., Phys. Rev. Lett., 2009, 103, 237801; doi:10.1103/PhysRevLett.103.237801.
22. Sciortino F., Giacometti A., Pastore G., Phys. Chem. Chem. Phys., 2010, 12, 11869; doi:10.1039/c0cp00504e.
23. Preisler Z., Vissers T., Munaò G., Smallenburg F., Sciortino F., Soft Matter, 2014, 10, 5121; doi:10.1039/c4sm00505h.
24. Salgado-Blanco B., Mendoza C.I., Eur. Phys. J. E, 2013, 36, 38; doi:10.1140/epje/i2013-13038-7.
25. Moghani M.M., Khomami B., Soft Matter, 2013, 9, 4815; doi:10.1039/c3sm27345h.
26. Giacometti A., Goegelein C., Lado F., Sciortino F., Pastore G., J. Chem. Phys., 2014, 140, 094104;
doi:10.1063/1.4866899.
27. Goegelein G., Romano F., Sciortino F., Giacometti A., J. Chem. Phys., 2012, 136, 094512; doi:10.1063/1.3689308.
28. Kern N., Frenkel D., J. Chem. Phys., 2003, 118, 9882; doi:10.1063/1.1569473.
29. Wertheim W., J. Chem. Phys., 1987, 87, 7323; doi:10.1063/1.453326.
30. Marshall B.D., Ballal D., Chapman W.G., J. Chem. Phys., 2012, 137, 129902; doi:10.1063/1.4757223.
31. Marshall B.D., Ballal D., Chapman W.G., J. Chem. Phys., 2012, 137, 104909; doi:10.1063/1.4751480.
32. Kalyuzhnyi Y.V., Protsykevitch I.A., Cummings P.T., Condens. Matter Phys., 2007, 10, 553;
doi:10.5488/CMP.10.4.553.
33. Kalyuzhnyi Y.V., Docherty H., Cummings P.T., J. Chem. Phys., 2011, 135, 014501; doi:10.1063/1.3604819.
34. Kalyuzhnyi Y.V., Cummings P.T., J. Chem. Phys., 2013, 139, 104905; doi:10.1063/1.4819058.
35. Sokołowski S., Kalyuzhnyi Y.V., J. Phys. Chem. B, 2014, 118, 9076; doi:10.1021/jp503826p.
36. Dawson K.A., Kurtović Z., J. Chem. Phys., 1990, 92, 5473; doi:10.1063/1.458526.
37. Davis J.R., Panagiotopoulos A.Z., J. Chem. Phys., 2008, 129, 194706; doi:10.1063/1.3009183.
38. Rosenthal G., Klapp S.H.L., J. Chem. Phys., 2011, 134, 154707; doi:10.1063/1.3579453.
39. Borówko M., Pöschel T., Sokołowski S., Staszewski T., J. Phys. Chem. B, 2013, 117, 1166; doi:10.1021/jp3105979.
40. Borówko M., Rżysko W., Phys. Rev. E, 2014, 90, 062308; doi:10.1103/PhysRevE.90.062308.
41. Binder K., Heermann D.W., Monte Carlo Simulations in Statistical Physics, Springer-Verlag, Berlin, 1998.
42. Janke W., Phys. Rev. B, 1993, 47, 14757; doi:10.1103/PhysRevB.47.14757.
43. Frenkel D., Smit B., Understanding Molecular Simulations from Algorithms to Applications, Academic, San Diego,
1996.
44. De Pablo J.J., Yan Q., Escobedo F.A., Annu. Rev. Phys. Chem., 1999, 50, 377;
doi:10.1146/annurev.physchem.50.1.377.
45. Yan Q., de Pablo J.J., J. Chem. Phys., 1999, 111, 9509; doi:10.1063/1.480282.
46. Landau D.P., Binder K., A Guide to Monte Carlo Simulation in Statistical Physics, Cambridge University Press,
Cambridge, 2000.
33602-11
M. Borówko et al.
Фазовий перехiд першого роду в граткових двошарах
Янус-подiбних частинок: Монте Карло симуляцiї
M. Борувко, A. Патрикєєв, В. Жиско, С. Соколовскi
Вiддiл моделювання фiзико-хiмiчних процесiв, Унiверситет Марiї Кюрi-Склодовської, Люблiн, Польща
Дослiджуються фазовi переходи першого роду в граткових двошарах Янус-подiбних частинок, обмеже-
них щiлиноподiбними порами. Розглядається кубiчна гратка з молекулами, якi можуть вiльно змiнювати
свою орiєнтацiю на вузлi гратки. Крiм того, молекули можуть взаємодiяти зi стiнками пори за рахунок
сил, залежних вiд орiєнтацiї. Проведенi обчислення обмежуються випадками двошарiв. Наголос зробле-
но на конкуренцiї взаємодiй плин-стiнка та плин-плин. Орiєнтованi структури, сформованi у системах, в
яких взаємодiї плин-стiнка,що дiють протилежно до взаємодiй плин-плин, вiдрiзняються вiд структур,що
з’являються в системах з нейтральними стiнками чи зi стiнками, якi притягують вiдштовхувальнi частини
молекул плину.
Ключовi слова: Монте Карло симуляцiї, гратковi Янус-частинки, фазовi переходи, двошари
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